Background-Heart failure (HF) in combination with mechanical dyssynchrony is associated with a high mortality rate.
O f all patients with heart failure (HF) due to left ventricular (LV) systolic dysfunction, those with an additional ventricular dyssynchrony have the worst prognosis. 1 LV dysfunction in dyssynchronous HF (DHF) is partially attributable to the sensitivity of fiber shortening to the activation pattern. In left bundle branch block (LBBB), mechanical contraction becomes dyssynchronous, [2] [3] [4] [5] and LBBB with dilation of the LV exacerbates regional and global cardiac dysfunction. 6 In patients with coronary artery disease, the magnitude of LV long-axis shortening, among other mechanical measures, was decreased compared with normal controls. 6 When LV dilation was part of the disease process, function continued to decrease. The greatest loss of function was observed in patients who presented with both dilation and LBBB. 6 It is unclear, however, how interactions among dilation, dyssynchronous activation, and altered contractile properties contribute to deterioration of cardiac function in DHF.
Clinical Perspective on p 536
Insights into the effects of interactions among these abnormalities on cardiac function can be obtained to some degree in animal experiments. However, within a single animal, only a limited number of parameters can be easily manipulated without affecting others. It would be very difficult, if not impossible, to distinguish the effects of dilation, LBBB, and the combination in an individual subject. These abnormalities can be investigated by using three study groups, but then individual variations can obscure individual and interacting effects. Computational models of the heart that are based on physiological principles are testable and reproducible and allow easy manipulation of parameters without affecting others. 7, 8 Recently, Wall et al 9 used a computational model of the ovine LV to show that the injection of noncontractile material in an infarct improves hemodynamics and reduces stress in the LV wall. To assess regional mechanical dysfunction in DHF, investigators have proposed various indices, including the circumferential uniformity ratio estimate (CURE), 10, 11 internal stretch fraction (ISF), 12, 13 and dyssynchrony of contraction. 14 Whereas CURE and ISF measure the regional distribution of strain magnitudes in the LV midwall during ejection, dyssynchrony of contraction measures distributions of the timing of peak shortening. These distributions have been represented by the SD 14 or width of the interval between the 10th and 90th percentiles 12 of time to peak shortening (WTpeak). Studies suggest that ISF, 12 ISF-type indices, 13 and CURE 15 are better predictors of response to cardiac resynchronization therapy (CRT) than timing-based indices such as WTpeak. 12 In the present study, we also calculated the coefficient of variation of regional work (COVW) in the model throughout the LV wall as a physical measure of regional function that depends on both stress and strain and their regional variability. Regional work, which is obtained from the area of regional myofiber stress-strain loops, is closely related to tissue oxygen consumption. 16 The goal of the current study was to answer the following 2 questions: What is the impact-individually and in combination-of dilation, dyssynchronous activation, decreased inotropy, and prolonged relaxation on these indices of mechanical dyssynchrony? What is the underlying physical basis for the observed alterations in these indices?
Methods

Cardiovascular Model
Parts of the cardiovascular model of nonfailing and failing hearts have been published previously. 17 In brief, a 3D computational model included the geometry and fiber architecture of the canine LV and right ventricle and coupling of the ventricular chambers to a closed circulation. 18 The effects of the pericardium were included as a pressure acting on the epicardium as a function of total cardiac volume. 19 Activation times of normal sinus rhythm and LBBB, computed by a model of electrophysiology, 20 served as input to the mechanics model that initiated myofiber contraction. Details on the model can be found in the online-only Data Supplement. The effects of 4 abnormalities were studied, and parameter values for these abnormalities were based on experimental measurements in failing hearts. 11, 21, 22 In the failing heart model, LV unloaded cavity volume was increased by 112%; inotropy was decreased by reducing peak fiber active tension by 27%; twitch duration was prolonged by 17%; and activation sequence was changed from normal activation to LBBB, prolonging QRS width Ͼ3-fold ( Figure 1 ).
Indices of Regional Function
The index of regional work was calculated as the COVW (Table 1) . Regional work is calculated throughout the LV wall as follows:
where and are Cauchy stress and natural strain in the fiber direction (f), cross-fiber direction (c), and the direction perpendicular to the former two (s). We describe in Table 1 how the indices WTpeak, 12 CURE, 10 and ISF 12 were calculated. For more details on their calculation, see the online supplement. Here, we redefined the CURE index such that (2) mCUREϭ1ϪCURE
which results in a definition where an increase in mCURE (modified CURE) represents more dyssynchrony, consistent with the other indices.
Sensitivity of Indices of Regional Function to Abnormalities
To investigate the effects of each abnormality on the indices of regional function in DHF, the indices were first calculated after each of the 4 abnormalities was applied individually to the baseline model. Calculations were repeated for the 12 other possible combinations of these abnormalities. We identified 6 key models out of these 16 models that either allowed for comparison with published experimental results or yielded interesting results. They were the baseline model (nonfailing, with no abnormalities), LBBB alone 
Table 1. Definitions of Indices of Regional Function
Index Definition
WTpeak, ms 12 Based on strain timing: range between 10th and 90th percentile of time to peak midwall circumferential shortening mCURE, Ϫ 10 Based on strain magnitudes: calculated for midwall circumferential ejection strain in the LV; 1 is a nonuniform contraction, and 0 is completely uniform ISF, Ϫ 12 Based on strain magnitudes: the ratio of LV fiber stretching to shortening during ejection, calculated for midwall circumferential strain in the LV COVW, Ϫ Based on stress and strain magnitudes: quantified by COVW (SD regional work over mean regional work), where regional work is defined as the area of stress-strain loops during a cardiac cycle (see equation 1 in Methods section)
All indices are calculated from LV midwall circumferential strain, with exception of COVW, which is calculated for the whole LV wall (including septum).
(normal geometry, normal contractile properties, and dyssynchronous activation), dilation alone (with normal contractile properties and activation), dilationϩLBBB (with normal contractile properties), synchronous heart failure (SHF) (dilated, reduced inotropy, prolonged relaxation, and normal activation), and DHF (all abnormalities present).
Statistical Methods
The following equation was constructed for each index of regional function Y (eg, ISF):
where the nominal variables d, r, l, and a represent the 4 abnormalities (dilation, reduced inotropy, long twitch duration, and dyssynchronous activation, respectively). These take a value of 0 when the abnormality is absent and 1 when it is present in the model. Hence, the coefficient c 0 represents the value of the functional index for the nonfailing heart; the coefficients c d , c r , c l , and c a represent changes in the index when the 4 abnormalities are introduced individually; and the coefficients c dr , c dl , c da , c rl , c ra , and c la represent the changes in the index contributed by an interaction between 2 abnormalities. The 4 3rd-order interactions and the 4th-order interaction effect (c drla for the latter) also are included. For each index Y, these 16 coefficients were solved from 16 simulation results. Note that the sum of all the coefficients (c d , c r , … c drla ) multiplied by the nonzero nominal variables (d, l, r, a) represents an index of regional function in the DHF heart. For example, WTpeak in the nonfailing heart was 78 milliseconds (ms); hence, c 0 was 78 ms. Prolonging relaxation alone in the model yielded a value of 81 ms for WTpeak; hence, the value c l was ϩ3 ms (WTpeakϭc 0 ϩcϫ1). LBBB alone yielded a value WTpeak of 173 ms, increasing WTpeak by ϩ95 ms (ϭc a ). With both prolonged relaxation and LBBB, WTpeak was 190 ms. With the values of, c 0 , c l , and c a known for WTpeak, the interaction coefficient for the combination of these 2 abnormalities (c la ϭ14 ms) was obtained from equation 3, setting the nominal variables l and a to 1, and d and r to 0. Hence, the combination of prolonged relaxation and electric dyssynchrony resulted in an additional synergistic increase in WTpeak of 14 ms over and above the alterations due to each abnormality individually.
Next, all changes (all the coefficients determined by equation 3)
were normalized to the total change between DHF and the baseline heart:
where c x is a coefficient from c d through c drla (excluding c 0 ) for each index Y. This normalization yields a percentage contribution of each abnormality and each interaction effect to the total change in functional index from baseline to DHF. For example, WTpeak in DHF was 208 ms; an increase of ϩ130 ms from baseline. Therefore, the relative contribution of prolonged relaxation to the change in WTpeak from baseline to DHF was 2% (c l,rel ϭ3/130ϫ100). Similarly, 73% (ϭc a,rel ) of the change in WTpeak was due to LBBB alone, and the combination of prolonged relaxation and LBBB was responsible for 11% of the change (ϭc la,rel ). Finally, to estimate the errors in the model results due to discrete time steps (4 ms) and numeric integration, we ran 100 post hoc Monte-Carlo simulations on model results in which we varied the timing by Ϯ2 ms at both beginning and end of ejection and time of peak strain for WTpeak. Therefore, model results are presented as meanϮSD.
Numeric Solutions
The models were solved with the Continuity 6.3 package (http://www.continuity.ucsd.edu). All simulations were solved on a 105-node Dell Rocks Linux cluster with 3.2-GHz 64-bit Xeon processors and 2 GB of RAM. On average, it took about 40 minutes per cardiac cycle on 12 processors running in parallel. Maximum total RAM needed was about 120 MB per simulation.
The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Model Validation
We compared model results for baseline, LBBB alone, SHF, and DHF with findings from published experimental and clinical studies, and most computed measures of global and regional function ( Table 2 ) were in good agreement. 6,10 -12, 23-28 Midwall circumferential strains at baseline and in LBBB alone ( Figure 2 ) and DHF ( Figure 3 ) also showed good qualitative agreement with reported measurements. 29, 30 Data are presented as meanϮSD. DE indicates duration of ejection; DI, duration of isovolumic contraction; dP/dt max , maximum rate of rise of LV pressure; EF, ejection fraction; LSE, long-axis shortening during ejection; P max , maximum pressure. *This value is obtained from optimal biventricular pacing. †Right ventricular outflow tract pacing. ‡LSE was calculated as shortening of apex-to-base distance during ejection divided by total amount of systolic shortening. 6 §Measurements from human subjects with coronary artery disease.
Stress, Strain, and Work Distributions
Compared with the baseline heart, fiber shortening during ejection became distributed more nonuniformly in the LBBBalone heart, which resulted in a greater dispersion of ejection strain (strain at aortic valve closure with strain at aortic valve opening as a reference) and of timing of peak shortening (Figure 4 ). For example, early activated fibers in the septum shortened during isovolumic contraction, continued to shorten during the first part of ejection, and stretched during late ejection after reaching their peak, with a small net effect of shortening during ejection. Late-activated fibers in the lateral wall fibers were stretched during isovolumic contraction (prestretched) and shortened during ejection (more than early activated fibers), reaching peak shortening in the iso-volumic relaxation phase. In dilation-alone and SHF hearts (both synchronously activated), magnitudes of shortening during ejection were smaller than in the baseline heart. When LBBB was added to the dilation-alone and SHF hearts (dilationϩLBBB and DHF), ejection strain became distributed more nonuniformly compared with the LBBB-alone heart; for example, the early activated fibers in the septum exhibited a net effect of stretching during ejection. Timings of peak shortening in the dilationϩLBBB and DHF hearts were similar to those in the LBBB-alone heart. Stresses increased markedly with dilation ( Figure 5 ). Regional work became more nonuniform with the combination of LBBB and dilation ( Figure 5 ). In the early activated regions in the dyssynchronous dilated models, work loops progressed clockwise (opposite of normal), whereas in the late-activated regions, work loops became bigger compared with baseline.
Sensitivity Analysis Results
Examining the sensitivity of the indices of regional function to all 4 abnormalities and their combinations (online supplement), we saw that all indices were most sensitive to LBBB. The index COVW also was sensitive to dilation. The next largest effect on regional function was due to the interaction effect of combining dilation and LBBB, ranging from 26% to 77% for 3 out of 4 indices examined. All other interactions were Ͻ21%.
Sensitivity of Index of Regional Work to Abnormalities
With respect to baseline, LBBB alone increased COVW by 37% (Table 3) , and dilation alone decreased COVW by 25%. LBBB and dilation combined increased COVW by 47%. Hence, 82% of the change in COVW from baseline to DHF was due to LBBB ( Figure 6 ). Although dilation alone actually decreased COVW (contributing Ϫ56% to the total difference between baseline and DHF), the interaction effect of LBBB with dilation was responsible for 77% of the total increase in COVW. All SDs associated with COVW were Ͻ0.03%.
Sensitivity of Indices of Dyssynchrony to Abnormalities
With respect to baseline, LBBB alone increased WTpeak 2.2-fold (Ϯ0.04), mCURE 5.3-fold (Ϯ0.2), and ISF 14-fold (Ϯ3) ( Table 3 ). Dilation alone changed WTpeak 1.3-fold (Ϯ0.03), mCURE 1.6-fold (Ϯ0.03) and ISF 1.6-fold (Ϯ0.5). LBBB and dilation combined increased WTpeak 2.5-fold (Ϯ0.05), mCURE 7.4-fold (Ϯ0.2) and ISF 20-fold (Ϯ5). Of the 130Ϯ2-ms absolute change of WTpeak from baseline to DHF, 73Ϯ1% was due to LBBB ( Figure 6 ), 19Ϯ1% due to dilation, and Ϫ3.5Ϯ1.8% due to the interaction between dilation and LBBB. Of the total change from baseline to DHF in mCURE (0.22Ϯ0.006), 67Ϯ3% was due to LBBB, 9Ϯ0.3% to dilation, and 26Ϯ4% to the synergistic interaction between dilation and LBBB. Of the total change from baseline to DHF in ISF (0.16Ϯ0.01), 76Ϯ8% was due to LBBB, 3.1Ϯ2.1% to dilation, and 32Ϯ10% to the interaction between dilation and LBBB. Negative contributions to the total change in ISF included Ϫ16Ϯ8% due to the interaction between prolonged twitch and LBBB (online supplement). In summary, dilation and LBBB synergistically increased the COVW, mCURE, and ISF but not WTpeak.
Alterations in Wall Stress
Compared with baseline, mean systolic fiber stress in the model increased in magnitude by 69Ϯ5% with dilation, whereas it decreased by 8Ϯ3% with LBBB ( Table 3 ). The nonuniform distribution of systolic stress, as quantified by its SD, changed by 85Ϯ5% with dilation alone compared to Ϫ2Ϯ3% with LBBB alone (Table 3 ). Hence, with electric dyssynchrony, strains, and regional work became distributed more nonuniformly, whereas stress remained relatively uniform. This finding is also in agreement with previous model results. 31 
Discussion
The electromechanical model analysis demonstrated that regional function is affected to widely varying degrees by the major abnormalities that contribute to dysfunction in dyssynchronous heart failure. Systematically investigating the effects of these abnormalities both alone and in combination on indices of regional function in the model showed that the variability of regional work (COVW) and the 3 indices of dyssynchrony (ISF, mCURE, and WTpeak) were all most sensitive to a dyssynchronous activation pattern; that compared with the nonfailing baseline model, the combination of dyssynchronous activation and dilation synergistically increased COVW, ISF, and mCURE; and that WTpeak was insensitive to the combination of dyssynchronous activation and dilation. Hence, the dominant interaction effect revealed by the sensitivity analysis was the interaction between electric dyssynchrony and dilation; their combination accounted for 77Ϯ0.03% of the increase in COVW from baseline to DHF (on top of the individual changes due to dyssynchrony and dilation). Therefore, COVW is a sensitive indicator of the mechanical consequences of combining dilation and dyssynchrony. The indices mCURE and ISF were also sensitive to this combination, but WTpeak was not. Correspondingly, ISF and mCURE correlated better with COVW than WTpeak with COVW (R 2 ϭ0.90 and 0.85 versus 0.64, respectively). These findings suggest that ISF and mCURE are better indices of dyssynchronous HF because they are more sensitive to the changes in the relative nonuniformity of regional myocardial work in the LV that is increased synergistically by electric dyssynchrony in the setting of ventricular dilation. These indices measure systolic strain nonuniformity, which the model showed as the dominant determinant of variability in regional work.
So why is COVW particularly sensitive to the interaction between activation and dilation? The model showed that mean systolic stress and its variability increased due to dilation, but because force equilibrium had to be maintained, the stress distribution remained fairly uniform when activation was dyssynchronous and geometry unchanged. Electric dyssynchrony in the model resulted in spatially varying inotropic states (and hence stiffnesses) of myofibers throughout the LV. Therefore, force equilibrium required spatial alterations in myofiber lengths, resulting in stretching of late-activated fibers in early systole (prestretch). In the dilated heart, stress levels and variability were increased, and a larger variability of strain was needed to maintain force equilibrium when electric dyssynchrony was included. This disproportionate increase in strain variability is detected by ISF and Figure 5 . LV fiber stress as a function of fiber strain during the cardiac cycle at the midwall equator from the 6 key models. The areas of the loops represent fiber regional work. Circles denote opening and closing of valves. Color code represents magnitude of regional work, with white indicating 0; red, negative values (clockwise loops), and blue, positive values (counterclockwise loops). mCURE, which quantify distribution of strain magnitudes, but not WTpeak, which quantifies strain timing.
Our findings also may be significant for the advancement of patient-specific modeling of DHF, which has the potential to predict outcomes of cardiac resynchronization therapy. With geometry and activation sequence being the most important determinants for regional cardiac function, these features can be obtained clinically, whereas estimation of myocardial material properties is more difficult. For example, geometry can be obtained with CT scan or MRI. Epicardial activation patterns can be acquired noninvasively with ECG imaging using body surface potentials, 32 whereas endocardial activation can be acquired with electroanatomic mapping. 33 The model showed that the relative variability of regional work was a sensitive indicator of the interaction between dyssynchrony and dilation. It was also less sensitive to the measurement error effects that we simulated in the model, suggesting that estimates of regional work dispersion may be even better predictors of cardiac resynchronization therapy responders. Although it is not causal in the model, regional workload reflects metabolic demands and has been shown to correlate with alterations in regional perfusion and remodeling. 34, 35 
Limitations
Our numeric model represented electromechanics in canine ventricles, not the human heart. However, animal models recapitulate many of the pathophysiological features of human dyssynchronous dilated cardiomyopathy, 10, 11 including those seen in the model. Although we performed a comparison of simulation results of the baseline, LBBB-alone, SHF, and DHF hearts with experimental and clinical results, a validation of the results from all 16 simulations was impractical because some of the numeric perturbations were not experimentally feasible or have not been studied yet.
Experimental reports of LBBB have shown early systolic paradoxical septal fiber stretch ( Figure 2D ), whereas in contrast, our LBBB model exhibited late systolic paradoxical fiber stretch in the septal regions. In the experiment, early systolic fiber stretch is possibly due to shortening deactivation, 36 which was not included in the contractile model. However, both early and late septal systolic fiber stretch contribute similarly to ISF and mCURE. Timing of peak shortening for these regions also is similar to those from the model because early activated fibers showing the paradoxical strain pattern in some regions had reached a second peak later during ejection.
Our main results are based on one particular degree of variation for dilation (112% increase in LV cavity volume) and dyssynchronous activation (215% increase in QRS width), but patients show variability in these abnormalities.
For this reason, we tested the influence of different degrees of dilation and dyssynchronous activation on regional function by performing additional simulations in which LV cavity volume was increased by 49% and QRS width by 115% with respect to baseline. This reduced degree of dilation and dyssynchrony did not substantially affect the contribution of these abnormalities (individually and in combination) to the index of regional work variability (LBBB and dyssynchrony combined contributed 73Ϯ0.06% to the total change of COVW) and WTpeak (Ϫ9Ϯ3% contribution to the total change in WTpeak). ISF became less sensitive to the combination of dilation and dyssynchrony than mCURE did (3Ϯ16% versus 16Ϯ5%, respectively). This finding may have important implications in assessing patients with these indices because mCURE seems to be less sensitive to the severity of DHF than of ISF, but ISF also becomes more prone to measurement error.
Myofibers exhibit heterogeneous electromechanical properties. 37 In the failing heart, gradients in excitationcontraction coupling also are altered (ie, the transmural gradient of the sodium-calcium exchanger and expression of sarco/endoplasmic reticulum calcium ATPase is decreased). 38, 39 Transmural gradients and, thus, the change of these gradients in HF were not taken into account in the present study. It has been hypothesized that transmural heterogeneity of mechanical properties is important for a more uniform contraction in the normal heart. 31, 37 These heterogeneities might play an important adverse mechanical role when the pattern of activation is altered. Therefore, inclusion of transmural heterogeneities in our model most likely will augment the nonuniformity of contraction during LBBB and thus increase the sensitivity of ISF and mCURE to the activation pattern. In addition, incorporating the change of transmural gradients in HF as an additional alteration is an interesting subject for a future study.
The arterial baroreflex was not included in the computational models presented. Hence, baroreceptor-mediated control of heart rate, myocardial contractility, and vasomotor tone was neglected. The absence of autonomous reflexes might play a role in ejection fraction changes and might explain the low decrease in ejection fraction when the activation sequence is changed from normal to LBBB. The decrease of ejection fraction in our models is similar to those in dogs in which autonomous reflexes were blocked. 24 In isolated dog hearts, it has been shown that maximum elastance decreased by 14% when stimulation was changed from normal to right ventricular apex pacing, 40 which is partly responsible for a decrease in ejection fraction in ejecting beats. This change in maximum elastance is similar to that of Ϫ17% in our models for similar conditions. Inclusion of the baroreflex 41 in computational models of HF also would be an interesting future study.
In conclusion, performing a sensitivity analysis with a numeric model of cardiac electromechanics improves our understanding of how HF abnormalities and their interactions contribute to changes in regional work and indices of dyssynchrony. The distribution of fiber shortening during ejection is more sensitive to a changing pattern of activation in a dilated heart than in a normal-sized heart. As a result, the indices of dyssynchrony CURE and ISF, but not WTpeak, are sensitive to the combination of dilation and dyssynchronous activation. CURE and ISF correlated better than WTpeak with the relative distribution of regional work. Therefore, CURE and ISF are better measures of regional cardiac dysfunction, which might explain why they are better predictors of reverse remodeling in patients receiving cardiac resynchronization therapy.
